The association of phytoplankton with bacteria is ubiquitous in nature and the bacteria that associate with different phytoplankton species are very diverse. The influence of these bacteria in the physiology and ecology of the host and the evolutionary forces that shape the relationship are still not understood. In this study, we used the Pseudo-nitzschia-microbiota association to determine (1) if algal species with distinct domoic acid (DA) production are selection factors that structures the bacterial community, (2) if host-specificity and co-adaptation govern the association, (3) the functional roles of isolated member of microbiota on diatom-hosts fitness and (4) the influence of microbiota in changing the phenotype of the diatom hosts with regards to toxin production. Analysis of the pyrosequencing-derived 16S rDNA data suggests that the three tested species of Pseudo-nitzschia, which vary in toxin production, have phylogenetically distinct bacterial communities, and toxic Pseudo-nitzschia have lower microbial diversity than non-toxic Pseudonitzschia. Transplant experiments showed that isolated members of the microbiota are mutualistic to their native hosts but some are commensal or parasitic to foreign hosts, hinting at co-evolution between partners. Moreover, Pseudo-nitzschia host can gain protection from algalytic bacteria by maintaining association with its microbiota. Pseudo-nitzschia also exhibit different phenotypic expression with regards to DA production, and this depends on the bacterial species with which the host associates. Hence, the influences of the microbiota on diatom host physiology should be considered when studying the biology and ecology of marine diatoms.
Introduction
Every eukaryotic organism has its own microbiota, either found as epibionts or endobionts in a living host, which exert tremendous physiological and developmental influences on the host. Even small phytoplankton such as diatoms are no exception to this paradigm. Diatoms are the most prolific primary producers in the ocean and contribute to one-fifth of the primary productivity on earth (Falkowski et al., 1998) . Diatoms form algal blooms in the coastal and open ocean, where they sequester carbon in deep sediments, a major influence in the global carbon cycle (Armbrust, 2009) . Some bloom-forming diatoms are toxic, such as members of the cosmopolitan genus Pseudo-nitzschia (Bates et al., 1989) . Of the 37 described species, 12 produce the neurotoxin domoic acid (DA) (Trainer et al., 2012) . This compound has been found in zooplankton, shellfish, crustaceans, echinoderms, worms, marine mammals, marine birds and in sediments, with subsequent transfer to benthic organisms such as commercially harvested flatfish and crabs (Trainer et al., 2012) . DA, which poses a threat to ocean and human health, also brings monetary losses from temporary closure of shellfish aquaculture, seafood and tourism industries worldwide (Hoagland et al., 2002; Trainer et al., 2007) . Human intoxication is referred to as amnesic shellfish poisoning; clinical signs in humans include gastrointestinal distress, confusion, disorientation, seizures, permanent short-term memory loss and in severe cases, death (Perl et al., 1990) .
First discovered as a human health problem in 1987 after causing illness and death in Prince Edward Island, Canada (Bates et al., 1989) , there is still no clear consensus on the ecological significance or triggers for DA production. Toxicity has been related to nutrient stress, light, salinity, trace metals (particularly iron and copper) and more generally, as a stress response or in association with slowing or cessation of growth (see review by Trainer et al., 2012) . The toxin is most often found intracellularly, but significant quantities can also be released to the media (Wells et al., 2005) , leading to hypotheses about the role of DA in modulating the associated heterotrophic bacterial assemblage (Bates et al., 1995; Guannel et al., 2011; Trainer et al., 2012) . Although limited in study, the interaction of diatoms with bacteria is suggested to have an important role in their ecological success, such as the promotion of algal blooms (see review by Doucette, 1995) . More than 5% of the diatom genome consists of genes derived from bacteria (Armbrust et al., 2004; Bowler et al., 2008) , attesting to the evolutionary history of interaction between the two. Bacteria and phytoplankton interact at the 'phycosphere', where the bacteria can access the algal exudates (Bell and Mitchell 1972) . Among diatoms, the bacterial associates are found underneath the cingulae, raphe and above the poroids of striae (Kaczmarska et al., 2005) . Host exudates like polysaccharides, small amino acids, sugars, proteoglycans or glycoproteins, can be species-specific (Myklestad, 1995) and may govern the kinds of bacteria that associate with a diatom species (Sapp et al., 2007) . Moreover, the species, growth and the physiological state of the algae may govern the succession of the attached bacterial community (Grossart et al., 2005) . Specific effects of associated bacteria on diatom physiology include increasing diatom aggregation and sinking rate as in the case of Thalassiosira (Gärdes et al., 2010) , and toxin production such as that seen in the diatom Pseudo-nitzschia (Bates et al., 1995) . Associated bacteria also have differential influence in the secretion of polysaccharides when co-cultured with a biofilm-forming freshwater diatom, Cymbella microcephalla (Bruckner et al., 2008) . The cyanobacterial production of the high toxic form of microcystin is also increased when Microcystis aeruginosa is co-cultured with heterotrophic bacteria at increasing temperature (Dziallas and Grossart, 2011a) . Interestingly, associated bacteria can also degrade microcystin under laboratory conditions (Dziallas and Grossart, 2011b) .
The dominant paradigm for bacteria-phytoplankton interaction is that phytoplankton serves as organic nutrient sources for saprophytic bacteria as depicted in the classical idea of microbial loop (Azam et al., 1983; Azam 1998 ). This paradigm is strengthened by reports of marine bacteria that prey on living phytoplankton (reviewed in Doucette et al., 1998 and Mayali and Azam 2004) . On the contrary, bacteria can also be mutualistic to phytoplankton (Cole 1982; Mouget et al., 1995; Stewart et al., 1997; Grossart 1999; Ferrier et al., 2002; Liu et al., 2008; Amin et al., 2009) . Although these opposing interactions of diatom and bacteria are both observed in nature, there is currently a lack of cohesive evolutionary principle that explains these interactions.
In this study, we investigated these algae-bacteria relationships in the light of microbiota framework under defined laboratory conditions. We considered all attached bacteria as symbionts regardless of their function (mutualistic, parasitic or commensal) (Ebert and Qi, 2010) . We asked if evolutionary forces such as host-specificity and co-adaptation govern the interactions between marine diatoms and their microbiota. We chose the genus Pseudonitzschia for this study because DA in Pseudonitzschia species, along with fitness measurement, allow us to evaluate the influence of microbiota on diatom host physiology. The genome and transcriptomes of several Pseudo-nitzschia species are also available (genome: http://genome.jgi.doe. gov/Psemu1/Psemu1.download.html; transcriptomes: http://genomeportal.jgi.doe.gov/PsenittraphaseII/ PsenittraphaseII.download.html and https://www. marinemicroeukaryotes.org/project_organisms?direction =desc&page=9&per_page=25&sort=organisms.genus_ name), which provide a reference for identifying the influences of bacteria on Pseudo-nitzschia physiology at the molecular level and placing these findings in an ecologically relevant framework. At present, not much is known about the interaction of bacteria with Pseudo-nitzschia. Using culture method, Kaczmarska et al. (2005) reported that the bacteria associating with the toxic Pseudo-nitzschia are very diverse and bacterial morphotype succession varies depending on the algal growth stage. ARISA screening of toxigenic and non-toxigenic Pseudo-nitzschia suggest that Pseudo-nitzschia species harbor distinct bacterial associates (Guannel et al., 2011) . A foreign bacterium is reported to elevate DA production in Pseudo-nitzschia multiseries (Bates et al., 1995) , while some bacteria may utilize DA (Stewart, 2008) . In this study, we took a three-step approach to address our primary questions. First, we evaluated whether the bacterial communities of Pseudonitzschia species with different DA production are distinct from each other using pyrosequencing approach. This is to better characterize the diversity of the bacterial community, which would include the unculturable members of the microbiome. Next, we determined the functional role of isolated members of the microbiota on the diatom hosts' fitness by transplant experiments. Lastly, we examined which bacterial member of the microbiota could alter the DA production of a clonal Pseudo-nitzschia.
Materials and methods
Algal and bacterial isolation, culture and molecular genotyping Single Pseudo-nitzschia cell isolates were obtained from bloom seawater samples collected from the Santa Cruz Wharf, California. Single cells were picked with a sterile micropipette and washed 10 times with filter-sterilized seawater. Cells were grown first in F/10-Se media. Once cells proliferated, the cultures were maintained in F/2-Se (Guillard and Ryther, 1962 ) medium under growth conditions of 12:12 photoperiod, 15 1C and 80 mE m À 2 in an algal incubator. The Pseudonitzschia cultures were identified by morphology using light microscopy and genotyped by sequencing the 18S rRNA gene (see Supplementary  Information for genotyping methods) .
The microbiota of Pseudo-nitzschia pungens (PP) and Pseudo-nitzschia australis (PA) were obtained by filtering healthy algal cells onto sterile 5 mm filters (Whatman, Dassel, Germany) and washed once with filter-sterilized seawater. The filters were dabbed on the surface of marine agar (Difco 2216, BD, Franklin Lakes, NJ, USA) several times and incubated in the algal incubator until bacterial colonies were observed. Pure single colonies were obtained by repeated streaking in agar medium and grown in 5-ml marine broth (Difco 2216) at room temperature for 48 h. Bacterial isolates were identified using 16S rDNA sequencing (see Supplementary Information) . Stock cultures of the bacterial isolates were stored in 50/50 glycerol in À 80 1C.
Sequences were analyzed using Seqman II (version 9.0 DNASTAR Inc, Madison, WI, USA) with minimum similarity set at 97%. Bacterial taxon for each sequence was identified and named by the homologous 16S sequence in Genbank using BLAST (Altschul et al., 1990) . Names were appended with PP or PA to indicate source of algal host. Sequences accession numbers are listed in Table 1 .
454 Pyrosequencing and statistical analysis Pseudo-nitzschia cultures (P. australis ¼ 3, Pseudonitzschia fraudulenta ¼ 2, P. pungens ¼ 2) in 100 ml volume were harvested at late-exponential stage by centrifugation for 10 min at 3000 g. Pellets were stored in sterile TE buffer at À 80 1C and sent to Research and Testing Laboratory (Lubbock, TX, USA) for pyrosequencing. Bacterial DNA extraction and 16S rDNA pyrosequencing were carried out using the protocol described in Dowd et al. (2008) and Sun et al. (2011) (see Supplementary Information). The bTEFAP method was based on the Titanium reagents and protocol for Genome Sequencer FLX System (Roche Indianapolis, IN, USA). The V6-V9 region of the 16S rDNA gene was targeted for the 454 pyrosequencing run using the universal primers Yellow939F and Yellow1492R. Following sequencing, a quality check was performed to remove short sequence reads (length o150 bp), low quality sequences (score o25, Huse et al., 2007) and any non-bacterial ribosome sequences and chimeras (Gontcharova et al., 2010) . Post-processing of the pyrosequencing output was carried out using the Quantitative Insights Into Microbial Ecology (QIIME 1.3) pipeline . Operational taxonomic units (OTUs) were picked based on clustering sequences at 97% similarity using Uclust (Edgar, 2010) . Representative sequences picked from clustered OTUs were aligned using Pynast (Caporazo, Bittinger et al., 2010) with the Greengenes core alignment as a reference (DeSantis et al., 2006) . Identification of OTUs was based on RDP classifier 2.2 (Wang et al., 2007) , while the assignment of bacterial taxon was performed using BLAST (Altschul et al., 1990, E-value 10 À 20 (megablast only); minimum coverage 97%; minimum pairwise identity 90-97%.). Singletons and chloroplast sequences from the OTU table were filtered before bacterial diversity analyses. A phylogenetic tree of the OTUs was made with Fast Tree 2.1.3 (Price et al., 2010) . The raw sequencing reads have been deposited at the NCBI Short Read Archive under BioProject ID PRJNA182211 with the following BioSample accession numbers: P. pungens-B2A (SAMN01818668), P. pungens-C5A (SAMN01818669), P. fraudulenta-1 (SAMN 01818670), P. fraudulenta-8 (SAMN01818671), P. australis-12 (SAMN01818672), P. australis-15 (SAMN01818673), P. australis-B5 (SAMN01818674).
Microbial community comparison
The microbial diversity within each Pseudo-nitzschia sample was assessed using three alpha diversity indices (number of species, phylogenetic diversity and Shannon index). To control for sequencing effort, samples were rarified at a depth of 6650 sequences with 10 sequences at each step and at a depth of 151 sequences with 1 sequence step, performing 10 and 100 iterations at each sampling depth, respectively.
The similarity of bacterial communities between Pseudo-nitzschia species was compared by jackknifing the OTU tables, the distance matrices and the UPGMA tree clusters at 1000 iterations. To statistically test the phylogenetic differences of the microbial communities between samples, beta significance was determined using Unweighted UniFrac with Monte Carlo Significance Test at 1000 iterations.
Algal fitness assay
The Pseudo-nitzschia cultures were made axenic with a treatment of Ampicillin (1 mg ml À 1 ) and Kanamycin (10 mg ml À 1 ) for three culture generations. Axenicity was verified via sterility test, inoculating sterile marine broth with 0.5 ml of previously antibiotic-treated algal cultures for 72 h and by PCR screening of 16S rDNA using bacterial universal primers 27 F and 907R (5 0 -CCGTCAATTCMTTTRAGTT-3 0 ). All tests were negative for bacterial presence.
A binary culture (axenic algae and single bacterium) experiment was set-up to assess the individual influence of the microbiota on algal fitness; one set was to test the effect of microbiota on native Pseudo-nitzschia hosts by re-introducing the bacterial isolates into the same host species; the other set was to test the effect of microbiota on a foreign host by transplanting the microbiota of one Pseudo-nitzschia species to another. All assays were carried on at least two hosts species strains except for P. fraudulenta (see Table 1 ). In a fresh 4-ml sterile F/2 medium in borosilicate tubes, 0.1 ml of healthy algae were co-cultured with 15 ml freshly harvested bacteria previously re-suspended in filter-sterilized seawater with an OD 600 of 0.65-0.81 at a final bacterial density of 1.4 Â 10 6 -3.5 Â 10 6 colony forming units (CFU) ml À 1 in the co-cultures. Preparation of bacterial inoculum for this assay and DA assay is described in the Supplementary Section. Bacterial counts (in CFU) were obtained using the drop plate method (Hoben and Somasegaran, 1982) . To determine the influence of bacteria on host fitness, algal fluorescence, which is a proxy for algal biomass, was measured daily with a fluorometer (Turner Quantech, Barnstead, Thermo Scientific, Waltham, MA, USA) and the biomass was used to estimate logarithmic growth. Algal specific growth (SPG) rates per day were calculated during exponential growth phase (between day 2-5 for all cultures, for consistency) using the equation: SPG ¼ Ln (FIU 2 À FIU 1 )/t 2 À t 1 .
We also tested the fitness of non-axenic Pseudonitzschia against a bacterium that was algicidal to axenic P. australis and P. fraudulenta but mutualistic to P. pungens. We extended the fitness assay to three non-axenic strains of P. australis and P. fraudulenta following the methods described above. SPG rates per day were calculated between day 1-4.
DA measurement in binary culture
To test the hypothesis that bacteria can influence the toxin production of the Pseudo-nitzschia, the above fitness assay experiment was carried out on the same day in duplicate to triplicate 50-ml cultures and grown up to late-exponential phase (12-15 days). In a sterile tissue culture flask (Corning Inc., Tewksbury, MA, USA), 0.3 ml axenic healthy algae were added to the sterile F/2 medium and co-cultured with 50 ml of the same bacterial inocula used on the fitness assay above at a final bacterial density of 4.8 Â 10 5 -9.2 Â 10 5 CFU ml À 1 in the co-cultures. An aliquot was taken for algal density count in a Sedgewick-Rafter cell counter before algal harvest. Cultures were then filtered with 25 mm Whatman GF/C filters, and stored in À 80 1C until processing. DA was extracted by adding 1.5 ml 20% methanol, sonicated on ice for 3 min, centrifuged for 10 mins at 3000 g and the supernatant filtered with a 0.2 mm syringe filter (Litaker et al., 2008) . DA concentration was measured on a microplate reader (Spectromax M2, Molecular Devices, Sunnyvale, CA, USA) following the procedure described in Mercury Science DA kit (Mercury Science, Durham, NC, USA).
Statistical analysis
One-way analysis of variance was used to analyze the differences in algal growth rates of Pseudonitzschia co-cultured with different bacteria. Data were checked for normality and heterogeneity of variances before analysis. Post-hoc means were compared with Student's t-test and only P-values against axenic culture were reported from the posthoc mean comparisons. To determine the influence of bacteria on DA content of native and foreign Pseudo-nitzschia hosts, analysis of the means transformed ranks with the a level set at 0.05 was used to compare sample means from the group means. All statistical analyses were done in JMP Pro 10.0. (SAS Institute, Cary, NC, USA). Means and standard errors were reported.
Results
Pseudo-nitzschia species harbor distinct and diverse microbial communities Genotyping by 18S rRNA sequencing confirmed the identity of three species of Pseudo-nitzschia in this study. They are P. pungens, P. fraudulenta and P. australis (see Table 1 ). DA tests in early stationary phase showed that P. fraudulenta and P. australis produced DA at 14.8 and 22.7 mg l À 1 and 137.7 and 179.4 mg l À 1 in non-axenic and axenic state, respectively, while P. pungens did not produce DA and is considered non-toxic (see also Figure 5 and Supplementary Figure S5) .
Pyrosequencing of microbiota associating with the three Pseudo-nitzschia species yielded a total of 91 701 qualified reads ( Table 2) that were clustered to a total of 439 OTUs. Singletons and diatom chloroplast sequences were removed leaving 266 OTUs for the microbial diversity and clustering analyses.
At an even depth of 151 sequences, the non-toxic P. pungens samples showed higher microbial diversity than P. fraudulenta and P. australis based on phylogenetic diversity, observed species and Shannon diversity indices. At a sequence depth of 6650, the toxic species had higher diversity than P. pungens when using the phylogenetic diversity index, but the microbial diversity of P. pungens was higher than the two toxic species at this depth when using the Shannon index (Table 2) . Although not all possible bacterial OTUs of P. pungens have been sequenced as shown by the unsaturated rarefaction curves for these samples (Figure 1a) , the diversity indices at various sequence depths suggest that bacteria associating with the non-toxic species are more diverse than the toxic species (Supplementary Figure S1a and S1b).
Furthermore, the microbial communities of the three Pseudo-nitzschia species are significantly different (Pp0.02) from each other as shown in the principal coordinate analysis based on unweighted UniFrac distance (Figure 1b) . The microbial communities within species cluster together and it is notable that the toxic P. fraudulenta has smaller distance to toxic P. australis (UniFrac distance ¼ 0.58, Pp0.02), than to P. pungens (UniFrac distance ¼ 0.86, Pp0.02). These suggest that the microbial communities of the toxic Pseudo-nitzschia are more phylogenetically similar than the non-toxic Pseudonitzschia species. The unweighted UniFrac distance of P. australis to P. pungens is 0.87 (Pp0.02). Consequently, the microbial communities between toxic and non-toxic group are statistically different (UniFrac distance ¼ 0.89, Pp0.0001).
The microbial compositions and the relative abundance of the 16S rDNA sequences of each Pseudo-nitzschia species at the family and genus levels are described and compared in the Supplementary Figures S2 and S3 , respectively.
Effect of native microbiota on host fitness
The microbiota isolated from P. pungens and P. australis were re-introduced to their native algal hosts ( ¼ source algal species of microbiota), respectively, to determine the influence of each microbiota on host growth rate (i.e., fitness). Remarkably, bacteria-free Pseudo-nitzschia consistently have low fitness (Figures 2 and 3) , suggesting that microbiota do indeed have a significant role in the well-being of diatom hosts, just like in animal and plant host-microbiota system (reviewed in Dethlefsen et al., 2007 and Zilber-Rosenberg and Rosenberg, 2008) . The SPG rates per day of P. pungens were significantly different when in binary association with its microbiota from Alphaproteobacteria, Gamma-proteobacteria or Bacteroidetes (F 7, 23 ¼ 20.4, Po0.001) (Figures 2a-c and Supplementary Figure S4a -c). All P. pungens with bacteria have significantly higher SPG than axenic P. pungens. P. australis treated with its own bacteria also showed significant differences in SPG (F 5, 10 ¼ 10.4, Po0.001) but these vary between microbiota. When compared with axenic cultures, only the bacteria PA-Marinobacter (Gamma-proteobacteria) and PA-Salegentibacter (Bacteroidetes) significantly enhanced the SPG of their native host, while PARoseobacter (Alpha-proteobacteria) significantly retarded its growth (Figures 3a-c) . The SPG of P. australis with PA-Pseudoalteromonas and PA-Glaciecola (Gamma-proteobacteria) did not significantly differ from axenic cultures (Figure 3a) .
Effect of foreign microbiota on host fitness
The signature of host-specificity and host-adaptation of microbiota can be determined by transplanting the microbiota of one host into another. If the microbiota are not host-specific, the microbiota will display the same influence on the growth of the native and foreign hosts. We transplanted the microbiota of P. pungens into P. australis and P. fraudulenta, and the microbiota of P. australis into P. fraudulenta. We were not able to do a reciprocal transplant of P. australis microbiota to P. pungens because we lost the P. pungens cultures from our collection. Consequently, we expect that the microbiota of P. pungens, which greatly enhances the host growth, will also exhibit the same effect on P. australis and P. fraudulenta. Interestingly, this is not often the case. Responses were either an increase or no effect on the growth of foreign hosts, or the bacteria became algicidal to foreign hosts. For example, P. australis showed significantly different SPG when co-cultured with P. pungens bacteria (F 7, 16 ¼ 9.75, Po0.0001) but this varies with the types of bacteria. P. australis grown with the Gamma-proteobacteria, PP-Marinobacter and PP-Alteromonas showed significantly higher SPG than axenic cultures but not with PP-Pseudoalteromonas (Figure 2d ). When co-cultured with the Alpha-proteobacteria from P. pungens, only P. australis co-cultured with PP-Phaeobacter showed an increase in growth rate but these do not significantly differ from P. australis axenic cultures (Figure 2e and Supplementary Figure S4e) . Interestingly, PP-Roseobacter, which greatly enhances the growth of its native host, P. pungens, did not have a significant effect on the growth of P. australis (Figure 2e and Supplementary Figure S4e) . The Bacteroidetes PP-Polaribacter also significantly increased the SPG of P. australis (Figure 2f and Supplementary Figure S4f) . The most remarkable effect is seen with the bacteria PP-Cellulophaga; it significantly promoted the growth of its native host P. pungens but severely depressed the growth of P. australis hosts (Figure 2f and Supplementary Figure S4f) .
When bacteria of P. pungens were transplanted to axenic P. fraudulenta, a significant effect of bacteria on algal growth rate is seen (F 7,16 ¼ 10.58, Po0.0001). Mean comparisons of SPG between cultures suggest that only the bacteria PP-Cellulophaga was significantly different against axenic P. fraudulenta cultures (Figures 2g-i) . However, algal growth trends showed that the binary cultures with the other six bacteria crashed earlier than the axenic cultures at day 8.
The transplant experiment of P. australis microbiota to P. fraudulenta showed no effect on SPG of the foreign host (F 5, 12 ¼ 2.44, P ¼ 0.09) (Figure 3 ). PA-Roseobacter, which severely retarded the growth of P. australis (Figure 3b) , did not exhibit any of these effects on P. fraudulenta (Figure 3e) . Notably, PA-Marinobacter and PA-Salegentibacter, which can both increase the growth rate of P. australis, did not show such effects on P. fraudulenta (Figures 3d and f) .
Response of non-axenic Pseudo-nitzschia to an algicidal bacterium
We further investigated the interaction of PPCellulophaga that is algicidal to axenic P. australis and P. fraudulenta but mutualistic to P. pungens. We supposed that the two foreign hosts are weakened P. fraudulenta with P. pungens microbiota Figure 2 Algal growth of three Pseudo-nitzschia species co-cultured with individual members of microbiota isolated from P. pungens. (a-c) P. pungens-C5A co-cultured with its own microbiota from Gamma-proteobacteria, Alpha-proteobacteria and Bacteroidetes, respectively. (d-f) P. australis-12 co-cultured with P. pungens microbiota from Gamma-proteobacteria, Alpha-proteobacteria and Bacteroidetes, respectively. (g-i) P. fraudulenta-8 co-cultured with P. pungens microbiota from Gamma-proteobacteria, Alphaproteobacteria and Bacteroidetes, respectively. Numbers after the name of bacterial treatment in the legend are SPG rates per day of the Pseudo-nitzschia species. Asterisks denote significant differences (Po0.05) between SPG rates of the bacterial treatment and axenic cultures analyzed with post-hoc Student's t. PP, P. pungens; PA, P. australis; PF, P. fraudulenta; AX, axenic (n ¼ 3); ALT, Alteromonas
when in the axenic state and were vulnerable to algalytic attack but not when associating with bacteria. We therefore introduced PP-Cellulophaga to other three non-axenic strains of P. australis and P. fraudulenta to determine their susceptibility to PP-Cellulophaga. Again we found contrasting responses between the two foreign hosts. We found that the SPG of nonaxenic P. fraudulenta clones were consistently not affected by the presence of Cellulophaga (PF-1: F 1, 4 ¼ 0.53, P ¼ 0.51; PF-4: F 1, 4 ¼ 3.74, P ¼ 0.13; PF-8: F 1, 4 ¼ 3.15, P ¼ 0.15) (Figures 4a-c) . The non-axenic three strains of P. australis treated with PP-Cellulophaga showed consistent lower growth rates, but only the SPG of PA-15 showed statistical difference against its untreated counterpart (PA-10: F 1, 4 ¼ 4.99, P ¼ 0.09; PA-12: F 1, 4 ¼ 3.03, P ¼ 0.16; PA-15: F 1, 4 ¼ 49.2, P ¼ 0.002) (Figures 4d-f) .
Influence of single bacterium on DA production of Pseudo-nitzschia We investigated the effects of different bacteria on the production of DA of toxic Pseudo-nitzschia species. We expressed the concentration of DA both as cellular DA (femtogram per cell; Figure 5 ) and particulate DA (mg l À 1 ; Supplementary Figure S5 ). In general, we found that foreign microbiota enhances production of DA of the toxigenic Pseudo-nitzschia. P. australis DA production range from 38.2-1398. P. fraudulenta with P. australis microbiota Figure 3 Algal growth of P. australis and P. fraudulenta co-cultured with individual members of microbiota isolated from P. australis. (a-c) P. australis-12 co-cultured with its own microbiota from Gamma-proteobacteria, Alpha-proteobacteria and Bacteroidetes, respectively. (d-f) P. fraudulenta-8 co-cultured with P. australis microbiota from Gamma-proteobacteria, Alpha-proteobacteria and Bacteroidetes, respectively. Numbers after the name of bacterial treatment in the legend are SPG rates per day of the Pseudo-nitzschia species. Asterisks denote significant differences (Po0.05) between SPG rates of the bacterial treatment and axenic cultures analyzed with post-hoc Student's t-test. PA, P. australis; AX, axenic (n ¼ 3); MAR, Marinobacter (n ¼ 3); PSE, Pseudoalteromonas (n ¼ 3); GLA,
on the type of microbiota it harbors. The overall mean DA content of all P. australis cultures is 312 femtogram per cell (or 280.5 mg l À 1 ). Mean comparisons showed that P. australis grown with P. pungens microbiota (PP-Alteromonas and PP-Glaciecola, and PP-Polaribacter ) have statistically higher DA content than the overall mean (2.5-5 times higher, Po0.05), and 3-7 times more DA compared with axenic P. australis (Figure 5a and Supplementary Figure S5a) . P. australis treated with the Alphaproteobacteria, PP-Roseobacter, has statistically lower DA content than overall mean (8 times lower, Po0.05), 5 times less DA than the axenic cultures. Interestingly, all five microbiota members of P. australis in this study and the Firmicutes PPBacillus and PP-/PA-Planococcus did not statististically differ from the overall mean DA production of P. australis (Figure 5a and Supplementary Figure  S5a) . We also introduced the native microbiota of P. pungens to the same P. pungens host clones, but no bacteria induced DA production in the non-toxic P. pungens (data not shown).
The effects of different bacteria on DA production of P. fraudulenta, on the other hand, showed a different pattern. P. fraudulenta does not produce a high amount of DA as compared with P. australis, ranging from 0-30.7 femtogram per cell or (0-25 mg l À 1 ). Its overall mean DA content is 6.5 femtogram per cell (or 10.1 mg l À 1 ). Interestingly, some microbiota of P. australis (PA-Salegentibacter, PA-Marinobacter and PA-Planococcus) significantly enhanced its cellular DA production (3-5 times higher than overall mean, Po0.05) (Figure 5b and Supplementary Figure S5b) . Both Bacteroidetes microbiota from P. pungens (PP-Cellulophaga and PP-Polaribacter) also significantly increased its DA content by 1.5-1.8 times ( Figure 5 and Supplementary Figure S5b) . Notably, four Pseudo-nitzschia cultures with normal microflora and grown with Cellulophaga bacterium. Numbers after the name of bacterial treatment in the legend are SPG rates per day of the Pseudo-nitzschia species. Asterisks denote significant differences (Po0.05) between SPG rates of the bacterial treatment and axenic cultures analyzed with one-way analysis of variance (ANOVA). Each treatment has n ¼ 3 replicates.
P. pungens microbiota (PP-Roseobacter, PP-Phaeobacter, PP-Alteromonas and PP-Bacillus) and the P. australis microbiota, PA-Glaciecola, rendered P. fraudulenta non-toxic (o1 mg l À 1 or femtogram per cell). DA contents of P. fraudulenta with these five bacteria were all significantly lower than the overall mean. It is also interesting to note that axenic P. fraudulenta has significantly higher DA content than the overall mean (two times higher, Po0.05) and is both higher than the unaltered microbiota (NON-AX) of P. australis and P. fraudulenta, which is in contrary to reports of Bates et al. (1995) and Douglas et al. (1993) . Our results, however, are consistent with Stewart (2008) which suggest that bacteria putatively consume the DA produced by its algal host. Axenic condition may also be stressful for the algae, hence, the production of higher DA than non-axenic cultures.
Discussion
This study is the first to implement an evolutionary perspective in understanding the interaction between phytoplankton and bacterial associates. Our study showed that the marine diatom Pseudonitzschia not only associates with a distinct and diverse group of bacteria but also governs the relationships through host-specificity and co-adaptation. The natural partners confer better host fitness than the artificially combined partners, which hints towards co-evolution of Pseudo-nitzschia and their microbiota. This is best exemplified by the mutualistic interactions of the parasitic bacteria PP-Cellulophaga and the commensal PP-Roseobacter to their host P. pungens. Such adaptation is evidenced by the low degree of virulence of these bacteria towards their own host but algalytic or commensal to non-hosts. Marine bacteria are known to switch on and off their algicidal activity through enzyme production (Skerratt et al., 2002) , which may explain our observation in a host-dependent manner. In retrospect, the Pseudo-nitzschia hosts are adapted to their native microbiota as they exhibited positive growth even in the presence of microbiota with algicidal and commensal traits, a suggestion of co-adaptation between partners.
The requirement for the evolution of mutualistic relationship between distantly related organisms is constant proximity (Usher et al., 2007) , such as that seen in diatoms-cyanobacteria associations (Janson 2003; Usher et al., 2007) . Recognition between partners, therefore, is necessary to maintain such relationship, likely in the form of chemical communication. We hypothesized that the type of algal exudate secretions by the hosts maybe regulating the mutualistic or parasitic relationship between bacteria and diatom hosts. Indeed, algal hosts are quite distinct in their excretions of organic molecules (Hellebust, 1980; Myklestad, 1995) , and different forms of excretions (e.g., polysaccharides) can be utilized by different bacterial strains (Bruckner et al., 2011) . Studying the algal exudate excretions of different Pseudo-nitzschia species and measuring the bacterial enzyme secretions when in binary association with a microbiota that exhibit both mutualistic and parasitic traits would shed light into the evolution and regulation of these complex relationships.
In the light of our results, adaptation and specificity between bacteria and phytoplankton hosts may have an implication on the ecological measured from P. australis (a) and P. fraudulenta (b) at lateexponential stage after co-cultivation with individual bacteria isolated from P. pungens and P. australis. PA, P. australis; PP, P. pungens; AX, axenic (n ¼ 3; 3); NON-AX, non-axenic (n ¼ 3; 2); GLA, Glaciecola (n ¼ 2; 3); MAR, Marinobacter (n ¼ 3; 2); PSE, Pseudoalteromonas (n ¼ 2; 3); ALT, Alteromonas (n ¼ 3; 3); ROSEO, Roseobacter (n ¼ 3; 2); PHAEO, Phaeobacter (n ¼ 2; 2); SAL, Salegentibacter (n ¼ 3; 2); CEL, Cellulophaga (n ¼ 3; 2); POL, Polaribacter (n ¼ 2; 2); PLAN, Planococcus (n ¼ 3; 2); BACI, Bacillus (n ¼ 3; 3). The group mean (line), sample mean (midline inside diamond), mean error bars and the 95% confidence points for each group represented by the diamond's top and bottom points are depicted in the graph. Asterisks denote significant differences (Po0.05) between bacterial treatment and group mean by analysis of the Means with transformed ranks. Number of trials, n, for P. australis and P. fraudulenta, respectively, are indicated in parenthesis after name of bacteria with each bacterial treatment.
structuring of phytoplankton communities in the ocean. For instance, the microbiota of one algal species may become an agent of allelopathic means during competition, where a neighboring algal species can be negatively affected once invaded by the foreign bacteria. Accordingly, our study also showed that a microbiota could ameliorate the susceptibility of phytoplankton to parasitic bacteria, as in the case of non-axenic P. fraudulenta when challenged with the algalytic PP-Cellulophaga (Figure 4a ). This may perhaps be another evolutionary strategy of phytoplankton in counteracting parasitic bacteria, although this may not be the case with P. australis. But it is noteworthy to mention that P. australis already harbors parasitic bacteria (PA-Roseobacter) in its microbiota consortium which may have increased its susceptibility to parasitic attack. Unlike metazoans, marine diatoms are not known to have an immune system that can counteract parasites. Duff et al. (1966) suggested that marine diatoms can secrete antibiotics but this has not been verified by other studies. Previous reports hypothesized that DA is an anti-bacterial agent (Bates et al., 1995) . This does not seem to be the case with the toxigenic Pseudo-nitzschia, because the diatom still remained susceptible to parasitic bacteria and did not show any elevation of DA secretion when challenged with parasitic bacteria ( Figure 5 ). Others have also reported that epibiont bacteria must be present for Pseudo-nitzschia to undergo sexual reproduction (Thompson, 2000 as reported by Trainer et al. (2012) ), suggesting that DA is unlikely to be a non-selective anti-bacterial agent. It is interesting to note the functional similarity of microbiota with regards to conferring protection to its hosts, whether it is with the unicellular host (this study) or with the vertebrate hosts (Kosiewicz et al., 2011) . We asked if algal species could influence the microbial community structure of Pseudo-nitzschia. Indeed, the microbial communities of the three species of Pseudo-nitzschia are significantly distinct from each other, and the microbial communities of the toxic species are much more closely related to each other than the non-toxic species. This hostdefined structuring of microbial communities is consistent with other reports that looked at bacterial communities of different diatoms in culture (Grossart et al., 2005; Sapp et al., 2007; Guannel et al., 2011) . Two possibilities can bring about this observed host-specific structure in microbial communities. One possibility is that these could be the effect of temporal and biogeographical variation in the algal hosts collection. However, this is not the case in our samples, because we collected them at the same place, although there is a 3-6 month time difference between collections. An independent study, however, that is consistent with our results, showed that Pseudo-nitzschia species have microbial communities that are species-specific (Guannel et al., 2011) even when the algae were collected at different times and biogeographic regions. An alternative possibility is that algal hosts are quite distinct in their secretions of organic molecules (Hellebust, 1980; Myklestad, 1995) , which can restrict bacteria in the community assembly. In a freshwater system, for example, bacterial communities that have the genetic potential to utilize glycolate are structured accordingly by the shift in phytoplankton assemblage that releases this exudate (Paver et al., 2010) . The three species of Pseudo-nitzschia in this study have a varying degree of DA production and have been found to harbor distinct microbial communities. In addition, the non-toxic P. pungens associates with a much more diverse bacterial assemblage than toxic P. australis and P. fraudulenta, a good indication that DA can be a restricting factor in the assembly of bacterial communities.
Many factors can bring about the phenotypic plasticity in DA production of Pseudo-nitzschia (see review by Trainer et al., 2012) . With regards to bacterial influence, Bates et al., (1995) first showed that foreign bacteria could enhance the DA production of axenic P. multiseries, while Stewart (2008) suggest that co-occurring bacteria in Pseudonitzschia cultures may consume DA. In our study, we asked which bacteria assume these roles. Interestingly, only three bacteria (two Gamma-proteobacteria and one Bacteroidetes) from P. pungens elevated the DA production of P. australis, while its own microbiota did not. The DA productions of P. fraudulenta, on the other hand, were enhanced by P. australis microbiota, while DA is barely measurable when treated with P. pungens Alpha-and Gamma-proteobacteria microbiota. In general, only foreign bacteria seem to trigger the elevated production of DA, which is viewed previously as a defense mechanism of toxic Pseudo-nitzschia (Bates et al., 1995; Kaczmarska et al., 2005) against foreign bacteria. Our study rather suggests that elevated DA is a mere stress response to these bacteria, just like any other environmental stresses experienced by toxigenic Pseudo-nitzschia that causes the organism to produce elevated DA (see review by Trainer et al. (2012) ). Indeed, one pattern observed in our study was that most foreign bacteria were mostly commensals and had no obvious effect on the growth of non-hosts diatom. It remains to be seen if these patterns holds true when P. australis or P. fraudulenta is co-cultured with the microbiota of other Pseudo-nitzschia species.
The type of interactions we observed between Pseudo-nitzschia and their microbiota in this study are confined to uniform laboratory conditions and only binary interactions have been characterized, which are simplified conditions designed to tease apart the complex interactions of diatom-bacteria relationship. Other interacting environmental factors such as pH, temperature or nutrient limitation can also shape algal-bacterial interactions, and may possibly deviate from the patterns we observed in our study. Consequently, our culture medium is meant to simulate a condition for algal bloom, where Pseudo-nitzschia can thrive in dense numbers, and have quantifiable toxin production, thus, making this work relevant to algal bloom studies. Studying the interactions under these conditions provide an insight into the patterns that govern the dynamic and complex relationship of algae and their associated bacteria and also shed light into the influence of microbiota in the formation of algal bloom (and its demise) and variability of toxin production in Pseudo-nitzschia. The Pseudo-nitzschia-bacteria system is also amenable to experimental manipulations and can be used to dissect the role of associated bacteria on host responses to biotic changes (for example, the presence of parasitic bacteria in this study). The genus Pseudo-nitzschia is also one of the most studied diatoms in terms of biology, ecology and physiology and with an available genome and transcriptomes, which makes it an ideal model system for studying bacteriaphytoplankton interactions and relating the findings in a biological and ecological framework.
In summary, the combination of pyrosequencing, fitness assay and physiological measurement have demonstrated that the distinct and diverse bacterial consortium of the marine diatom, Pseudo-nitzschia, generally are mutualist to the native host and commensal or parasitic to foreign hosts. These interactions clearly suggest that host-specificity and co-adaptation are involved in the relationship. Harboring microbiota may also give protection to the algal host from pathogenic bacteria and may be a means of allelopathy by negatively affecting the fitness of other algal species. This study also demonstrates that algal species and its metabolite production may have a role in structuring the microbial communities of a unicellular eukaryotic host. Different bacteria can also have varying influence on the DA production of toxic Pseudonitzschia, and can alter the diatom's presumed toxicity, a knowledge that should be taken into consideration in the management of Pseudonitzschia bloom.
